chrome oxidase peptides, which are known to be translated by mitochondrial ribosomes. It is now well established that mitochondria are partially autonomous organelles and that mitochondrial DNA (mtDNA) codes for mitochondrial ribosomal RNA (rRNA) and transfer RNAs (tRNAs) (1, 2) . Mitochondrial ribosomes synthesize several of the polypeptides that comprise the cytochrome oxidase and oligomycin-sensitive ATPase (ATP phosphohydrolase, EC 3.6.1.3) complexes (3, 4) , and it is considered likely that the structural genes for these proteins are contained in mtDNA, inasmuch as transport of cytoplasmic messenger RNA (mRNA) into the mitochondria appears not to be significant (5) . However, unequivocal evidence that mtDNA codes for these mitochondrially synthesized peptides is not yet available.
In mitochondria of higher eukaryotes, about 25-30% of the genome codes for mitochondrial rRNA and mitochondrial tRNA (6) . The 7-8 poly(A)-RNA bands observed on gel electrophoresis (7), presumably represent mitochondrial mRNA and occupy most if not all of the remaining available sequences. The yeast mitochondrial genome is five times larger than the mammalian mitochondrial genome (1) , and hence considerably more information is potentially available to code for mRNA. At the present time, however, it is not clear whether the additional sequences available in yeast mtDNA code for mRNAs, or whether they represent, at least in part, high(A+T)spacer regions (8) .
Yeast offers several experimental advantages for the study of mitochondrial mRNA transcription. Mitochondrial development can be altered readily by glucose repression, oxygen deprivation, or oxygen deprivation with lipid depletion, and a large variety of petite (deletion) mutants as well as antibiotic resistance (point) mutants have been characterized (9) . These mutants could be valuable in defining the mitochondrial origin of mRNAs and in the purification and mapping of mitochondrial genes that code for specific mRNAs.
Eukaryotic mRNAs can be isolated conveniently because of the presence of poly(A) segments at the 3' terminus of most of these RNAs (10, 11) . Discrete species of poly(A)-containing RNAs which hybridize to mtDNA have been detected in HeLa cell mitochondria (12, 13 (16) . The present study reports on the further characterization and messenger activity of yeast mitochondrial poly(A)-RNA. The poly(A)-RNA has been translated in an Escherichia coli cell-free system. The products include three peptides recognized by immunoassay as being those of components of cytochrome oxidase which were shown previously to be synthesized on mitochondrial ribosomes in vivo (17) and in mitochondria in vitro (18) .
METHODS
Growth and Isolation of Mitochondria. A haploid strain of Saccharornyces cerevisiae, D243-2B-R1 (Ri), was harvested in the mid-logarithmic phase (19) . Mitochondria were prepared from protoplasts according to the method of Grivell et al. (20) , except that the cells were not preincubated before exposure to snail enzyme. The protoplasts were washed only once before disruption of the cells in a Waring blender.
Labeling (21) . Poly(A)-RNAs were isolated with poly(U) Sepharose-4B (Pharmacia, Piscataway, N.J.) by a combination of the methods of Lindberg et al. (22) and Firtel et al. (23) . A 3 ml column of poly(U) Sepharose equilibrated with high salt buffer [400 mM NaCl, 2 mM EDTA, 10 mM Tris-HCl (pH 7.5), and 0.2% sodium dodecyl sulfate] was used. The mitochondrial RNA preparation was dissolved in high salt buffer, and 2 ml of the solution containing approximately 50 A260on units/ml was applied to the column at 25°. After 10 min, the column was washed with 9 volumes of high salt buffer. The first 4 volumes were pooled and alcohol-precipitated (Fraction 1). The poly(A)-RNA was eluted with 3 volumes of formamide buffer [90% formamide, 2 mM EDTA, 10 mM potassium phosphate (pH 7.5)] (Fraction II). After precipitation with 2.5 volumes of ethanol, RNA was subjected to two additional cycles of poly(U) Sepharose chromatography. RNA fractions were electrophoresed on 2.7% gels with "E" buffer (24) . Formaldehyde-denatured RNA samples were electrophoresed on 3% gels in the presence of formaldehyde, as described by Ojala and Attardi (13) .
RNA-DNA Hybridization. RNA-DNA filter hybridization was carried out under conditions of considerable DNA excess (RNA exhaustion). mtDNA purified by CsCl isopyknic gradient centrifugation was denatured and bound to cellulose nitrate filters (22) . Control filters were charged with E. colh DNA, or with nuclear DNA isolated from a petite yeast strain (IL8-8C/H71) which contained no mtDNA. Filters were incubated for 44 hr at 410 in scintillation vials containing 1 ml of 0.3 M NaCl, 0.03 M Na citrate, 8 M urea, and 0.03 Ag/ml of RNA (25) . The DNA:RNA ratio was 860 to 960. Filters were then washed, digested with T1 and pancreatic RNase, dried, and counted in toluene scintillation fluid (19) .
Translation of Mitochondrial Poly(A).RNA in Cell-Free Systems. The poly(A)-containing RNA fraction from the poly(U) Sepharose column (Fraction II) was tested for its ability to direct protein synthesis in an E. colt cell-free system. The preparation of the S30 fraction from E. colt Q13 and the incubation conditions were as described by Nathans (26) , except that leucovorin was included in the assay mixture. Synthesis was followed by measurement of [3H]leucine incorporation into trichloroacetic acid-precipitable protein.
Aliquots of the incubation mixture were reacted with antibodies to cytochrome oxidase [enzyme and antibodies prepared according to the method of Mason et al. (27) ] for isolation of cytochrome oxidase polypeptides formed in the cell-free system. As a control, bovine serum albumin was added to an aliquot of the incubation mixture, and immunoprecipitation was carried out with antibody to bovine serum albumin. Immunoprecipitates were either counted in Triton X-100 scintillation fluid or dissociated by heating to 1000 in 2% sodium dodecyl sulfate, 5% 2-mercaptoethanol for 2 min, and analyzed on 12% acrylamide gels. Dissociated cytochrome oxidase, bovine serum albumin, D-aminoacid oxidase, ovalbumin, and cytochrome c were used as marker proteins. were electrophoresed on 2.7% gels in "E" buffer (24) (Fig. 2a) As reported previously, Fraction II contained a short poly(A) segment at its 3' terminus (16) . An E. coli cell-free system was chosen to translate the mitochondrial poly(A)-RNA because of similarities between systems for mitochondrial and bacterial protein synthesis (3). Table 2 and Fig. 3 show that the addition of the mitochondrial poly(A)-RNA to the E. coli S30 system enhances [3H]leucine incorporation into protein about 4-fold over the endogenous level. Cytochrome oxidase antibody precipitated about 5% of the total trichloroacetic acid-precipitable radioactivity, whereas only 0.5% was recovered after precipitation with antibody to bovine serum albumin under identical conditions ( Table 2 ). The endogenous proteins synthesized by the E. coli system Incubation was at 370 for 45 min in a total volume of 0.5 ml, consisting of the components of the cell-free system in amounts as described by Nathans (26 Further support for the conclusion that the poly(A)-RNA from yeast mitochondria directs the synthesis of cytochrome oxidase peptides was obtained by electrophoresis of the dissociated immunoprecipitates on sodium dodecyl sulfate polyacrylamide gels (Fig. 3) . Bands (17) and in isolated yeast mitochondria (18) . Several lines of evidence are consistent with the view that the poly(A)-RNA isolated are transcribed from mtDNA, and that the three cytochrome oxidase peptides are gene products of the mitochondrial genome. (1) It has been suggested that mitochondrial translation products may be small (8,00-11,000 daltons) (29) and that the larger polypeptides synthesized by mitochondria may be aggregates. Schatz's group, however, has shown that yeast mitochondria are capable of synthesizing larger polypeptides both in vitro and in vtwo (17, 18 
